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MACHINABILITY OF C45E STEEL - APPLICATION OF MINIMUM 
QUANTITY LUBRICATION AND HIGH PRESSURE JET ASSISTED 
MACHINING TECHNIQUES 
Summary 
In this paper, machinability of turned steel defined by monitoring of cutting forces, tool 
wear, surface quality and chip shape is presented. Experimental investigations were performed 
on untreated carbon steel C45E (hardness 45 HRc) and on surface induction hardened steel 
C45E (surface layer hardness 58 HRc). The analysis of machinability was performed under 
different cooling and lubrication conditions: conventional flooding, minimum quantity 
lubrication (MQL) and a hybrid machining method, i.e. high pressure jet assisted machining 
(HPJAM). The investigation was carried out for higher values of processing parameters. The 
results show the advantages of the advanced cooling and lubricating techniques, i.e. an 
increase in productivity and a reduction in production costs. The analysis of the results shows 
that the application of HPJAM gives superior machinability. Beside excellent chip breakability 
achieved in HPJAM, especially in hardened steel machining, significant improvement in tool 
life and reduction in cutting forces can be achieved.  
Key words:  HPJAM, MQL, modelling, machinability 
1. Introduction 
Machining processes should satisfy strict requirements in production: productivity, 
efficiency, surface quality, and additionally, reliability and sustainability. A new concept of 
machining technology, high efficiency machining (HEM), combines the advantages of high 
speed machining (HSM) in the finishing operation with improved material removal rates for  
the roughing operation[1, 2]. In the modern production, there are tendencies to minimize or 
eliminate cooling lubricant, near-dry machining, introduce minimum quantity lubrication 
(MQL) and dry machining technologies or to utilize cryogenic or high pressure jet assisted 
machining (HPJAM) to meet the aforementioned requirements [3]. Studies have shown that 
the utilization of an accurate and reliable process monitoring system can increase the cutting 
speed by 10% to 50%, reduce the machine downtime and predict the machine tool stopping, 
resulting in a total savings in the production of between 10% and 40% [3, 4]. Progress is not 
possible without the knowledge about the machinability of materials and expert systems used 
in the selection of suitable machining parameters based on the machinability analysis [5].  
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The basic functions of cooling-lubrication fluid (CLF) are friction reduction, tool life 
extension, reduced heat generation and improvement of chip evacuation [6, 7]. The effect of 
cooling and lubricating depends on fluid flow parameters, fluid characteristics and delivery 
technique. The greatest progress in the development of high productive machining processes 
has been achieved in the development of special CLF delivery techniques, such as MQL and a 
hybrid machining process HPJAM. Maruda et al. analyzed the influence of MQL system 
parameters on cutting parameters [8]. The influence of droplet velocity at the MQL nozzle 
outlet on the active medium atomization angle and the number of droplets supplied to the 
cutting zone were also studied by Maruda et al. [9]. Experimental and numerical simulations 
of liquid film formation in MQL for different rotating velocities of a milling tool, based on 
the Reynolds–Average Navier–Stokes formulation and the multiphase Lagrangian model was 
performed by Duchosal et al.  [10]. Nadolny et al. described a new system for centrifugal 
supply of oil mist in the internal cylindrical grinding process. The formation mechanism and 
distribution characteristics of suspended micro-particles in the MQL grinding have been 
recently investigated by Jia et al. [12]. The concept of HPJAM is to inject a high pressure jet 
of CLF in the cutting zone. HPJAM has been established as a method for achieving a 
substantial increase in the removal rate and productivity in machining [13]. The advantage of 
this method is reduction in cutting temperature and tool wear and improvement of chip 
breakability and evacuation especially in hard-to-machine materials [14, 15].  
The problem with machinability estimation is that some material may have good 
machinability. Machinability estimation must be based on the consideration of many criteria 
simultaneously, e.g. Boulger et al. [16] proposed that the machinability is expressed by the 
economy of the process with the use of a special machinability test. Lee and Shaffer [17] 
suggested that machinability can be defined by the thermodynamic number. Enache et al. [18] 
developed a global model of machinability which contains more criteria. Rao and Gandhi [19] 
used the principles of the matrix and graph theory for defining the absolute material 
machinability, named “matrix model”. In this paper, a vector based method of the 
machinability definition is used. The vector based method, which consists of several 
machinability criteria, is described in [20]. Beside the vector method, in this paper, 
machinability is also defined by the index method introduced by Theile et al. [21] based on 
energy and economic aspects and the aspect of machining quality. 
The analysis of the machining energy balance, effect of chip formation, tool life and 
quality of machined surface was included in order to analyse the machinability when applying 
different CFL delivery techniques: flooding, MQL and HPJAM. The studies that are 
presented in this paper are related to the analysis of the advanced CLF delivery techniques 
usage, with the aim of defining the directions for increasing productivity and efficiency of the 
machining process. Studies presented in this paper focused on effects of different CLF 
delivery techniques in the field of higher cutting speeds and feeds which contributed to the 
expansion of the region of operability and higher productivity and as such better 
machinability. 
2. Experimental procedure 
Experimental investigation and machinability evaluation under different cutting 
conditions and different cooling-lubrication techniques in turning, namely conventional 
flooding, MQL and HPJAM, were carried out. The experimental investigation was 
performed on a conventional lathe. In the flooding operation, CLF was delivered at the top of 
the machining zone, from a distance of approximately 150 mm at 6 l/min. CLF was directed 
to the non-machined workpiece surface and the rake surface of the cutting tool insert. In the 
MQL technique, CLF was delivered using a special device which utilizes compressed air to 
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form oil mist in the mixing chamber. In the machining operation, due to the effect of the 
spray, the tool was enveloped in a thin layer of emulsion. Pressure was set at 0.3 MPa and 
the flow rate at 0.0005 l/min. In the MQL technique, the spray nozzle was installed at a 
distance of 30 mm, perpendicular to the cutting edge, with an angle of 30° with respect to the 
rake face of tool. In HPJAM, the jet was directed toward the cutting edge at a low angle 
directly between the rake face and the chip. For this application, a conventional universal 
lathe was fitted with a high pressure plunger pump with a flow rate capacity of 10 l/min and 
pressure of 150 MPa. A standard sapphire nozzle commonly used in water jet cutting 
applications was installed at a distance of 30 mm from the tool cutting edge in order to 
assure its use in the jet core zone and avoid variations in the jet diameter and radial 
distribution of the pressure. The jet was directed toward the cutting edge at a low angle of 5° 
with respect to the tool rake face.  
Workpiece materials used in the experimental investigation were construction steels 
used for highly loaded parts in mechanical engineering, namely, untreated carbon steel C45E 
with a hardness of 45 HRc and surface induction hardened steel C45E with a surface layer 
hardness of 58 HRc. All experiments were carried out using a CLF with 3% emulsion of 
vegetable oil. 
 
Fig. 1  Data flow in measuring and monitoring 
The following process output parameters were monitored in the experiments: cutting 
forces (Fc, Ff, and Fp), flank tool wear (VB), arithmetic average roughness height (Ra) and 
maximum height of roughness (Ry). At the same time the chips were collected and the chip 
shape was analysed (Fig. 1). Kistler dynamometer was used to measure cutting force 
components in the turning operation. For the processing of the measured signals the LabVIEW 
software was used. Data processing was performed with the MATLAB software package. 
Monitoring and measurement of tool wear was performed by using a tool microscope TM 
Mitutoyo 510, equipped with a high-resolution camera. Surface roughness was measured by 
using a mobile measuring device Mitutoyo SURFTEST SJ-301. 
3. Results and discussion 
The index method was used to define the material machinability applying three aspects: 
the energy aspect, i.e. the cutting forces, the economic aspect, i.e. wear of the cutting tool and 
the quality aspect, i.e. surfaces roughness. Machinability was also evaluated by applying the 
vector model of universal machinability [20]. Both machinability evaluation methods are 
compared and discussed at the end of this chapter.   
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3.1 Analysis of the results on untreated carbon steel C45E 
In the turning operation of the untreated C45E carbon steel having hardness of 45 HRc, 
a carbide cutting tool SNMG 1204 08 NMX was used. A tool holder PSDN 2525 M12 with 
an inclination angle of 45° was utilized. Cutting parameters were set so as the highest 
productivity would be achieved in the turning operation, with the values as follows: cutting 
depths ap [mm]: 1.5, 2.0 and 2.5; feed f [mm/rev]: 0.224, 0.280, 0.355 and 0.400; and cutting 
speed vc [m/min]: 210, 310 and 400. In the operation of the HPJAM sapphire nozzle of 0.4 
mm in diameter the pressure of 50 MPa and the flow of 2 l/min were used. 
Table 1  Cutting force regression models for different CLF delivery techniques (C45E - 45 HRc) 
Material: C45E 











Fc = 2485 · a0.878 · f0.844 · v-0.047 · k1 0.99 1.9 1 1 1 
Ff = 1154 · a0.838 · f0.391 · v-0.157 · k2 0.93 3.9 0.99 0.96 1.02 
Fp = 822 · a0.589 · f0.644 · v-0.052 · k3 0.93 3.7 0.98 0.93 0.95 
Cutting force modelling was performed using the regression analysis. Table 1 shows 
the developed regression equations. The impact of the CLF technique is given by the 
coefficients ki. The regression models have an error of less than 4%. It can be concluded from 
the results of the experimental studies shown in Fig. 2 that the application of HPJAM 
significantly reduces the value of feed and passive cutting force. The cutting force values 
decreased by 7% when HPJAM was used in comparison with the conventional flood 
technique. 
 
Fig. 2  Comparison of feed cutting forces in different models for C45E turned steel (45 HRc) 
One of the main indirect indicators of the machining process condition is the chip shape. 
In this paper, the standard classification and acceptable estimation of the chip shape was used. 
The results of the experimental investigation with conventional flooding are presented in Fig. 
3. When the MQL technique was used, chips were dark, which indicates that in the cutting 
area a larger amount of heat was generated and dissipated through the chips. It can be 
concluded that MQL provides good lubrication conditions, but low cooling effects of the 
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cutting zone. Based on the chip shape, it can be concluded that the use of MQL provides 
favourable shapes of the chip under all analysed machining conditions (Fig. 4). By applying 
HPJAM favourable chip shapes were achieved in all combinations of cutting regimes. The 
chips were bright, which indicates better heat conduction (Fig. 5). 
 
Fig. 3  Tool wear and chip shape in conventional cooling in turning of C45E (45 HRc) 
 
Fig. 4  Tool wear and chip shape in MQL in turning of C45E (45 HRc) 
 
Fig. 5  Tool wear and chip shape in HPJAM in turning of C45E (45 HRc) 
In comparison with other CLF delivery a technique HPJAM also provides a stable tool 
wear process and is therefore acceptable in highly productive automatic machining processes. 
Tool wear in HPJAM is uniform and less notch wear is recognized compared to other two 
CLF delivery techniques (Figs. 3–5). Even more benefits can be achieved by applying 
HPJAM when tool life is considered (Fig. 6). Tool wear criterion VB = 0.3 mm was used in 
the analysis. When HPJAM was applied, tool life was almost three times longer compared to 
MQL and almost four times longer than in the case of conventional flooding.  
A comparison between the surface roughness parameters of different CLF delivery 
techniques is shown in Fig. 7. There is not much difference perceived between MQL and 
VB
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HPJAM, while slightly lower roughness was achieved with conventional flooding. The 
maximum surface roughnesses Ry was modelled using the regression analysis for each CLF 
delivery technique depending on the machining time (Table 2), where f is the feed rate and r 
is the tool nose radius. 
    
 Fig. 6  Tool life for different CLF techniques Fig. 7  Surface roughness in turning of C45E steel 
Table 2  Regression models of surface roughness with respect to tool wear (C45E - 45 HRc) 
Material: C45E; ap = 2.0 mm; vc = 320 m/min; Tool: Carbide SNMG 1204 08 NXM 
Conv. Ry = 0.635 · T + (f2 · 103/ (8 · r)) 
MQL Ry = 0.676 · T + (f2 · 103/ (8 · r)) 
HPJAM Ry = 0.334 · T + (f2 · 103/ (8 · r))  
The regions of operability of all three cooling lubrication techniques and different 
depths of the cut are shown in Fig. 8. They are based on the assessed chip suitability. From 
the analysis of the technological areas, it can be concluded that the HPJAM technique can be 
more widely used in steel turning. The HPJAM technique offers preferred chip shapes for all 
combinations of cutting parameters. In this case, the chips were bright, which indicates that 
with the application of CLF the generated heat was removed from the cutting zone.  
 
Fig. 8  Expansion of region of operability in the case of MQL and HPJAM technique (C45E - 45 HRc) 
3.2 Analysis of results on surface hardened carbon steel C45E 
In the turning operation of the surface induction hardened steel C45E having a surface 
layer hardness of 58 HRc, Al2O3 coated carbide cutting tools SNMA 120408 KR 432 were 
used. The cutting inserts had no chip breaking geometry on the rake face. For the analysis of 
the jet pressure influence on the cutting process, different CLF pressures were applied, while 
the cutting speed, vc = 98.5 mm/min, feed rate, f = 0.25 mm/rev and depth of cut, ap = 2 mm, 
were kept constant. At the pressures of 10 MPa and 30 MPa, a relatively good breakability of 
chips was observed. In Fig. 9, the influence of the CLF pressure on the cutting forces is 
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shown. There was no decrease in the main cutting force when HPJAM was applied. However, 
the feed and the radial force decreased as soon as pressurized CLF was used (approx. by 10% 
in both cases) compared to conventional flooding, but there was no significant trend in the 
force decrease with the increase in pressure. 
 
Fig. 9 Feed and penetration component of cutting force in HPJAM of C45E (58 HRc) 
Figs. 10 and 11 show comparisons between tool wear and chip formation in 
conventional flooding and HPJAM. The distribution of wear along the flank face is uniform 
in both cases. We can observe some notching on the right-hand side probably due to friction 
and sharp edges of the chips at the depth of the cut line. The main advantage reported in every 
case of HPJAM is excellent chip breakability. We have noticed that from the pressure of 110 
MPa the size of the chips is similar and that an increase in pressure gives no further 
improvements.  
 
Fig. 10  Tool wear and chip shape in conventional cooling in turning of C45E (58 HRc) 
 
Fig. 11  Tool wear and chip shape in HPJAM of C45E (58 HRc) 
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Fig. 12 shows a comparison of the tool flank face wear under both conventional and 
HPJAM conditions. For the selected criteria VB = 0.1 mm, the tool life in the case of HPJAM 
was about 10 min, which is approximately five times longer than in the case of conventional 
cooling. It should be pointed out that the consumption of coolant in the case of HPC is more 
than four times lower than in the case of conventional cooling. 
 
Fig. 12  Comparison of tool wear in turning of C45E (58 HRc) using both cooling techniques 
Only slight improvement in surface roughness was achieved by the application of 
HPJAM compared to conventional flooding (see Fig. 13). Since the application was in the 
semi-finishing and roughing operations the effect is not so important. 
 
Fig. 13  Surface roughness Ra in turning of C45E (58 HRc) using different CLF delivery techniques 
The machining capabilities of conventional flooding and the HPJAM method were 
compared with respect to chip breakability, tool wear, tool life and cutting forces. Both 
cooling and lubrication conditions are characterized by process regions of operability of the 
employed tool-material pair [22]. Under both cooling and lubrication conditions, the 
methodology has been applied by observing the specific cutting force, roughness of the 
machined surface, shape of the chips and vibrations of the system.  
The two resulting working areas are presented in Fig. 14. The major concluding remark 
regarding the advantages of HPJAM over conventional flooding in the hard turning operation 
of steel with coated carbide tools is that the region of operability for a given tool–material pair 
is extended. An approximately 45% increase in the maximum achievable cutting speed and a 
25% increase in the maximum achievable feed rate were proven. 
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Fig. 14  Expansion of region of operability in the case of HPJAM technique for C45E (58 HRc) 
3.3 Machinability evaluation 
First, machinability was defined by the index method based on the economic and energy 
aspects and the aspect of quality of machining. The results are presented in Figs. 15 and 16. 
Based on the index machinability method it can be concluded that HPJAM gives the best 
machinability of untreated and hardened C45E steel regarding tool life and forces (energy and 
economic aspect), while best roughness (quality aspect) is achieved by conventional flooding. 
As shown in the previous chapter the main benefit of HPJAM compared to other cooling-
lubrication techniques is tool life prolongation. The machinability index in terms of tool wear 
for HPJAM in the case of untreated steel C45E is 3.4 times higher and in the case of hardened 
steel even 5.4 times higher compared to other CLF delivery techniques. 
 
Fig. 15  Indexes of machinability of untreated steel C45E (45 HRc)  
 
Fig. 16  Indexes of machinability of hardened steel C45E (58 HRc)  
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Since the index method defines the machinability of materials only from one aspect, in 
this paper, the vector method as „universal machinability” was applied. The vector model 
considers several output process parameters simultaneously, such as cutting force, tool wear 
and surface roughness. Fig. 17 shows the results of the machinability evaluation of different 
cooling-lubrication conditions and both steel types using the vector model.  
Fig. 17 shows that HPJAM of untreated C45E (45 HRc) at f = 0.28 mm/rev and  
vc = 320 m/min gives the best "universal machinability" when the aspects of tool wear, 
cutting forces and surface quality are considered. Compared to conventional flooding and the 
MQL technique, when HPJAM is applied more than 2 times higher machinability is 
achieved. In the case of hard turning of C45E (58 HRc) the machinability defined by the 
vector model is almost 2.5 times higher when HPJAM is used compared to conventional 
flooding. This is particularly important because the application of the HP technology in hard 
turning of steel with coated carbide tools gives excellent "universal machinability" for all 
three aspects simultaneously. It can be concluded that in hard turning carbide tools can 
replace expensive CBN tools when HPJAM is applied. 
 
Fig. 17  Machinability values evaluated using vector model for different material types and CLF delivery 
technique criteria 
Fig. 18 shows the estimation of machinability performed by using indirect cutting 
process parameters, such as chip shape, material removal rate etc. In these analyses, the best 
machinability of hardened steel was also achieved by the application of HPJAM. It should be 
noted that in comparison with conventional flooding the application of the HPJAM method 
extends the area of operability, significantly improves chip breaking, reduces the build-up 
edge (BUE) at lower speeds and the cutting fluid consumption few times. This is also 
important in terms of reduction of costs of machining and ecology. 
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Fig. 18  Machinability evaluation values of C45E with respect to different criteria and dosing techniques  
Results of the machinability evaluation by using the vector model show a very high 
correlation with other machinability models, such as the „global model” and the “matrix 
model”, described in the introduction to this paper (see Fig. 19). In all cases, regardless of the 
material type, HPJAM gives superior machinability compared to other two CLF delivery 
techniques.  
 
Fig. 19  Machinability evaluation of C45E with different hardness values (45 HRc and 58 HRc) by means of 
different models  
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4. Conclusion 
The aim of this study was to point out the importance of machining process modelling 
and material machinability evaluation; the importance and extensive use of modern CLF 
dosing techniques, especially the MQL and the HPJAM technique in the machining of 
different materials; and the importance and applicability of the new vector model for defining 
“universal” machinability, which is based on the simultaneous consideration of several 
criteria. Since machinability of materials is a very important technological category, this 
paper analyses the influence of different CLF dosing techniques on machinability of different 
materials. Cutting forces, intensity of flank tool wear and parameters of surface roughness 
were used as machinability criteria and a new model of machinability was evaluated. 
The results of the investigation of untreated C45E carbon steel (45 HRc) with the 
carbide cutting tool are as follows: 
 The application of HPJAM reduces the value of feed and passive cutting force by 
about 7% in comparison with CLF. 
 MQL and HPJAM provide favorable shapes of chips under all analyzed machining 
conditions; MQL provides good lubrication conditions, but low cooling effects of 
the cutting zone. The HPJAM application provides excellent lubrication and 
cooling conditions. 
 Tool wear in HPJAM is uniform and less notch wear is recognized compared to 
other two CLF delivery techniques. When HPJAM was applied, tool life was 
almost three times longer compared to MQL and almost four times longer than 
when conventional flooding was applied. 
 Lower surface roughness was achieved with the application of conventional 
flooding, while not much difference in roughness was perceived between MQL and 
HPJAM. 
 From the region-of-operability point of view, the HPJAM technique offers a wider 
area of machining and the chips were bright, which indicates that the generated heat 
was removed from the cutting zone with CLF. 
The results of the investigation on surface hardened carbon steel C45E (58 HRc), with 
Al2O3 coated carbide cutting tools show that with the application of HPJAM the following 
improvements can be achieved:  
 Feed and passive cutting forces were about 10% lower than when conventional 
flooding was applied, while the main cutting force was the same under all cooling 
and lubrication conditions;  
 The distribution of wear along the flank face appears to be uniform in both cases 
(conventional flooding and HPJAM).  
 For the selected criteria, in the case of HPJAM tool life was approximately five 
times longer than in the case of conventional cooling. It should be pointed out that 
the consumption of coolant in the case of HPC is more than four times lower than 
in the case of conventional cooling. 
 The expansion of the region of operability is evident especially in hardened steel 
machining, which enables higher productivity and superior chip breakability to be 
achieved in all conditions, as well as BUE reduction at lower speeds.  
 For both CLF delivery techniques (conventional flooding and HPJAM) similar 
surface roughness was obtained. 
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 The most important concluding remarks regarding the advantages of HPJAM over 
conventional flooding in hard turning of steel with coated carbide tools is that the 
region of operability for a given tool–material pair is extended. An approximately 
45% increase in the maximum achievable cutting speed and a 25% increase in the 
maximum achievable feed rate were proven. 
The results presented in this paper show that in all cases, regardless of the material type, 
HPJAM gives superior machinability compared to other two CLF delivery techniques. For the 
creation and further development of machinability databases and expert systems, it is 
necessary to expand the area of cutting conditions, workpiece materials and tools.  
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